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Interaction between a superconducting vortex and an out-of-plane magnetized ferromagnetic disk:
Influence of the magnet geometry
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The interaction between a superconducting vortex in a type Il superconductin@finand a ferromagnet

(FM) with out-of-plane magnetization is investigated theoretically within the London approximation. The
dependence of the interaction energy on the FM-vortex distance, film thickness, and different geometries of the
magnetic structures: disk, annul(ring), square and triangle are calculated. Analytic expressions and vector-
plots of the current induced in the SC due to the presence of the FM are presented. For a FM disk with a cavity,
we show that different local minima for the vortex position are possible, enabling the system to be suitable to
act as a qubit. For FM’s with sharp edges, like e.g., for squares and triangles, the vortex prefers to enter its
equilibrium position along the corners of the magnet.
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. INTRODUCTION ducting film%! Marmorkoset al° were the first to solve
the nonlinear Ginzburg-Landa(@GL) equation numerically,
The interaction between superconductivity and magnewith appropfiate boundary conditions for an infinitelly Iopg
tism has drawn a lot of attention in the past few decades. Téerromagnetic cylinder penetrating the superconducting film,
study the effects due to the interplay of the superconductingnd found a correspondence between the value of the mag-
order parameter and the nonhomogeneous magnetic field rBetization and the vorticity of the most energetically favor-
groups fabricated periodic arrays of magnetic dots and antivith & smaller magnetic disk on top of it was numerically
dots positioned above or under the superconducting™iftn. palculated in Ref. 12 using the first nonI.|near GL equation,
Such ferromagnetic dots act as very effective trapping cen:&- neglectl_ng 'the effect Of the screening currents on the
ters for the vortices which lead to an enhancement of th otal magnetic field. Interesting vortex-antivortex configura-

critical current. Recently, it was predicfethat an increase of - on> and an interplay between the giant-vortex and multivor-
tices were found.

the pinning effects by two orders of magnitude can be real- Most recently, the pinning of vortices by small magnetic

ized in this way. After substantial progress in the preparatiorbarticles was studied experimentafy*>which was a moti-

of regular magnetic arrays on superconductors and considef,iion for our recent theoretical study of this systéin the

ing the importance of such structures for magnetic devic,er study we approximated the magnetic-field profile by a
and storage technologies, these hybrid systems became V&hagnetic dipole. In the present paper, we generalize these
interesting both from a theoretical and an experimental poinfesylts in order to include thealistic magnetic-field profile
of view. Macroscopic phenomena have already been exof the FM which in the present approach can be of arbitrary
plored experimentally, but a theoretical analysis of the magshape. The superconducting film lies in thg plane while
netic and superconducting responses in such systems is stile FM is positioned a distand¢eabove the SC, and is mag-
in its infancy. netized in the positive direction(out of plane. To avoid the

In previously proposed models for the superconductingoroximity effect and the exchange of electrons between the
film (SO interacting with a ferromagnet on top ofifthe FM and the SC we assume a thin layer of insulating oxide
magnetic texture interacts with the SC current, which subsebetween them as is usually the case in the experiment.
quently changes the magnetic field. The authors used the The paper is organized as follows. In the following sec-
London approximation to describe this system since the sizetfon we present the general formalism. In Sec. I, we discuss
of all structures are much larger than the coherence lefigth the pinning potential of the magnetic disk and magnetic an-
The thickness of the SC film and of the FM was assumed taulus (ring) with out-of-plane magnetization. Further, the
be negligibly small(i.e., d<&,\). Elementary solutions for vortex-magnet interaction energy and supercurrent induced
the interaction of the circular magnetic dbubble or annu-  in the superconductor are calculated analytically and the pro-
lus (ring) with a vortex were found. Further, the creation of files are shown. We use these results in Sec. IV to investigate
additional vortices by the FM near the surface wasthe manipulation of vortices in the case of a more compli-
described, by a simple comparison of the free energies ofcated geometry of the magnet, i.e., magnetic disk with an
the system with and without the vortex. However, the sponoff-center holés). In Sec. V the pinning properties of the
taneous creation of a vortex-antivortex pair as a possiblenagnet with square or triangular shape are analyzed and the
lower energy state was never considered. most favorable trajectory of the vortex with respect to the

Other theoretical studies involving finite-size ferromag-magnet edge is determined. The influence of edgemers
nets were mainly restricted to the problem of a magnetic dobf the FM on the pinning is then discussed and our conclu-
with out-of-plane magnetization embedded in a superconsions are given in Sec. VI.
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Il. THEORETICAL FORMALISM This equation is rather complicated to be handled for a finite-

We consider a ferromagnet of arbitrary shape with homo Si2€ FM, but the analytic expressions for the induced SC

geneous out-of-plane magnetizatih placed outside a type current in an infinite superconducting film with thicknesbs
II SC film interacting with a single vortex in the SC. Within (—d2<z=d/2) in the MD casdwith magnetic momentn)

6
the London approximation, the Gibbs free energy of this sys-are knowrt® as

tem is given by’

md cmPo Y=y [~ d
1 . " o Ky= =4 f daexp —q| [znl— 5
F= %J dV[h2+>\2(roth)2]—f dvih,-M], (@ 2 m JoO
. . -, . qu‘]l(qu)C(qu)! (sa)
where\ is the penetration deptih, is the total field present
in the system, anti, andM denote the magnetic field of the D . d
vortex and magnetization of the FM, respectively. The sec- jmdy v 7 cmMPo X_me dqexp{ —q( 12, _)]
ond integral in Eq(1) represents the potential energy of the o 2\ Rm Jo meo2

FM in the magnetic field of the vortex. In this paper, we )

focus on the ferromagnet-vortex interaction energy, and the Xq°J1(aRn)C(q,2), (Sb)

terms in Eq.(1) regarding the self-energy of the vortex and it

the magnet are omitted. In the case of a point magnetic di-

pole, the second integral in E(LL) corresponds to the exclu- q q

sion of the volume of the FM when integration is performed et - el

(see Ref. 16 and references thejein kcosr{k 2 +Z) +q smr{ k( 2 tz
The direct interaction energy between the vortex and the C(a,2)= (K2+q?)sinh(kd) + 2kq coshikd) ©)

FM in a stationary magnet-superconductor system is given g g

16
by where k= 1+ 0%, Ry=vV(x—Xm)2+(y—ym)? is the dis-
1 L 1 L tance between the dipole and the point of interest, Riid)
Umvzzf dVO[j -, ]1- EJ dv(f™mph .M, (2) is the Bessel function. The coordinates,(ym.zn) denote
the position of the dipole. The magnetic moment of the mag-
where CI-SU:(CI) D, D,)=0Dy/(27 5_50 ),0) denotes net is measgred in units mﬁof (I)O)\_, and all d!stances are
the vortex magnetic flux vector in ||_ondor|1 approximation scaled in units of\. These units will be used in the rest of

- the paper.
(g is the flux quantum ang, denotes the position of the pap

A CH To find the supercurrent induced by a finite-size FM
vortex. The first integration is performed over the volume above the superconductor, we make use of the superposition
V() inside the superconductor, whi(™ in the second

, , principle and consequently the above expressi&hand(6)
integral denotes the volume of the ferromagnet. Indices haye to be integrated over the volume of the ferromagnet.
and m refer to the vortex and the magnet, respectivgly, Thus, the value of the current is given by £x,y)
denotes the current, artthe magnetic field.

The interaction energy in this system consists of two
parts: (i) the interaction between the Meissner currents gen- ja(x,y,z)=f imdx,y,z)ydvm, (7)
erated in the SCj(,) by the FM and the vortex angi) the
interaction between the vortex magnetic field and the FM. In
the Appendix, we show analytically that in the case of a lll. MAGNETIC DISK  (RING)-VORTEX INTERACTION
point magnetic dipole(MD) these two contributions are | this section, we investigate the interaction between a

equal. Due to the superposition principle, the finite FM'Syortex in an infinite type Il superconducting film with thick-

with homogeneous magnetization can be represented as fRssd (—d/2<z<d/2) and the magnetic disk with radis

infinite number o_f dipoles. Consequently, in our case _of out—and thicknessD with out-of-plane magnetizationi.e., N
of-plane magnetized FM, the vortex-magnet interaction en-

ergy equals =O(R-p)0(2,~2)0(z—2)me,/(R?7D) (in units of
Mo=®,/\?) located at distanckabove(unde) the SC ¢,
N N = I , 21= I + D) .

Ump= —f dv(f™n, . M. 3 Inserting the well-known expression for the magnetic

field of a vortex outside the S(Gee Eqs(A4) and (A5) in

In order to obtain the current induced in the superconih® Appendi} into Eq.(3) we find the following expression
ductor by the ferromagnet, one should solve first the equal©" the magnetic disk-vortex interaction:

tion for the vector potentiat )
MR®?2

Umv_ )\

Ui (py), (8a)

- 1 - -
rot(rotA ) + — ©(d/i2— |z|) A= 4 rotM. 4) -
N wherep=p, denotes the position of the vortex and
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s 1 2
ul<pv):fodqq—Qal(qRuo(qu)E(q.l,D). (8 quzM;‘I’O F (), (114
where with
Q=K k+qcothkd?2)]
w 1
and FL(py)= fodq5J1<qR>Jl<qpv>E<q,l,D>. (11b)

E(gl,D)=e %(e 9P-1).
) o . For the case of a thin FM on top of a thin S@,D
For the case of a thin ferromagnetic disk above the thin- 11=0), we derived the following asymptotics:
superconducting filmd,D<1), the following asymptotics (1) for p,<R,
can be obtained: v
(1) for p,<R, we found

SPRLo) Pt | R
dDR 1 P21 S, T\ R? rR?/ |’
U, (p,)~— _Po :
1(py) 2 1+ IZTRZ 4 (121 R?)%2 @ for p,>R,
(99
(2) for p,>R andp,~I, R? R?
Fip)~—E| 5| -K| 5
_r R\ o;
dDR 1 R? 21%—p; DR ) ;
Uilp)~——— | —=""7 7 =|’ ) m Py Py
4 /|2+p3 8 (|2+p5)5/2 ~—15 7| Vil 7 +H717

(3) for p,>R,I, (12b)
The latter expression reduces in the extrempeR limit to

U o) dDR 1 dw[ (Pud) v (pvd)D Fl(pv)~—3bDrIT/dp3, fv:lhich is consistent with the
1(p)~———F| === |Hol 5|~ Yo asymptotic behavior of the interaction energy.
4 VIT+p; 4 2 2 The results for the full numerical calculation of E®)

(90 are shown in Fig. (g for a magnetic disk with radiu®
Here,H,(x) andY,(x) denote the Struve and Bessel func- =3.0, and three values of the thicknéss-0.1,0.5,1.0, fixed
tions, respectively. total magnetic momenin=1.0 M=m/V{"™), and at dis-
In the case of a FM on top of the SC<0), the above tancel =0.1 above the SC with thickneds=0.1. The energy
asymptotics|9(a)—(c)] can be expressed in a more preciseis expressed in units olfJo=<I>(2,/7-r)\ and the force inF,
way: =®3/m\%. The magnetic-vortex interaction increases if the

(1) for p,<R, magnet is made thinner, since the magnetization in that case
increases due to the fact that the magnetic moment of the

dD 2 magnetic disk is kept constant in this calculation. Also the
U, (p,)~— —E Po ; (109  magnetic field of the disk becomes more peaked near the
’ T | R? magnet edge. In Fig.(h), the dependence of the interaction

energy on the thickness of the SC is shown. The increased
(2) for p,>R, thickness of the SC makes the interaction stronger, due to the
stronger response of the SC to the presence of the magnet.

dDR[ 1[p? [R? p2 R2 Note that increasing the thickness beyodigt A does not
U,(p,)~— _{_ YE| — 1— _”) K(— influence the energydashed curve in Fig. (b), Q~k(k
T | Po|R? O\ pf R? p2 +q) in Eq.(8)]. The vortex is attracted by the magnetic disk
) when the magnetization and the vortex are oriented parallel,
n dl[H (M) _y (Pud) ] (10 independently of the value of the parameters. The interaction
16| ° 2 o 2 ' energy has its minimum just under the center of the disk,

which is the energetically most favorable position of the vor-
K(x) andE(x) are the complete elliptic integrals of the first tex. The force acting on the vortex is purely attractive and it

and second kind, respectively. Further expansion of théas its maximum at the edge of the magnetic disge Fig.

asymptotic behavior of the energy at large distarl@ss.  1(c)]. For large distances between the magnetic disk and the
(90) and(10b)] givesU , (p,)~ —DR/dpf. vortex the interaction approaches the value obtained earlier

When we take the derivative of the interaction energy, Eqfor the case of a magnetic dipoi&Note that in the limitR
(8), over p, we obtain the force acting on a vortex in the —0 andD—0, Eq.(8) corresponds to the out-of-plane di-

presence of a magnetic disk: pole case of Ref. 16. In Refs. 8 and 9 the interaction energy
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between a magnetic nanostructure and a vortex in a thin su-
perconductor ¢<1) was calculated. In that case, the thick-
ness of the magnet was not taken into accdassumed to

be infinitely thin, the superconducting film was taken very
thin (d<\), and the FM was placed on top of the §€the
samez=0 plang which corresponds tb=0 in our case. In
these limits, our equations reduce to the same expressions for
the interaction energy like those given in Refs. 8 and 9. But
note that the analytical expressions are still not completely
reached in the distance range shown in Fig. 1 and therefore a
numerical calculation of the full integral is necessary in order
to obtain the magnet-vortex interaction energy. Therefore,
from this point of view, our expression offers much more
information (nonzero thickness of both FM and SC, and ar-
bitrary position of the FM above the $@ithout a real in-
crease of the complexity of the numerical calculation.

To better understand the attractive magnet-vortex behav-
ior in this system, we calculated the supercurrent induced in
the SC due to the presence of the magnet. As explained in
Sec. Il, this current can be obtained after integration of Eq.
(7). In the case of a flat magnetic disk, it has only an azi-
muthal component and reads

u_/U,x 10%

u, /U, x 10°

. CMRCI)O *
le(p2)= Tfo dqJi(qR)J1(ap)E(q,1,D)C(q,2),

(]
2 2f ] (13
x wherep=\x?+y? andC(q,z) is given by Eq(6). For a FM
&‘: 3F ;‘7’1‘;0 . placed under the SC,.one shogld rgpladg/ —2. The vec-
W 0/1;0'1 ] tprplot of the current is shown in Flg..(d). One should no-
4 04 ] tice that the direction of the current is the one normally as-
d/A=0.1 ] sociated with an antivortefthe clockwise directionand that
St ] the current is maximal at the magnetic disk edge. This agrees
with our previous results: the direction of the current ex-
-60 1 2 3 ; B plains the attraction between the FM disk and the vortex, and
P I\ the position of the maximum of the current corresponds to
v the maximal attractive force. The problem is cylindrically
D A A A A = symmetric, and a vortex approaching the magnet from any
e sasasm L LS en s () direction will be attracted for parallel alignment and repelled
SR n a3 XA 44 in the antiparallel case. This important point was not fully
r \\:::*\-::: NN LY explai_ned in Ref. 9. .
peemar s R Using the same procedure, for a magnetic annuRs (
<L Ll NEERY <p<R,) with thicknessD and out-of-plane magnetization
- g . 1Y L on [inset of Fig. 2b)] we have
----- TRNNNY (Y
""" TR NN VNV v
PPETIITIIT NN ) .
PSS i M= —0(p~R)O(R,—p)O(2,-2)0(z-29)me;,
LR B U B R IR ann
ofsr it (14
0 1 - 3 2 resulting in the vortex-magnet interaction energy
X/A
FIG. 1. The magnetic disk-vortex interaction energy as a func- M(I)% * 1
tion of the distance between the vortex and the center of the FM Unmp= N jo dqq—QJo(qpu)

disk: for several values dB) the thickness of the FM disk arn(h)
the thickness of the SQc) Plot of the FM-vortex force andd) a
vectorplot of the current induced in the SC due to the presence of
the FM [same parameters as {0)]. The gray semicircle in(d)
indicates the position of the edge of the FM.

X[RoJ1(qRo) ~RiJ1(qR)]JE(q,1,D). (19

The interaction energy and force curves for the magnetic
annulus-vortex interaction are given in Figga2) and are in
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% _é No '005 :- RI/)\'=2'0 7]
= m/m0=1 O_ 1>_< -0.10| R0/7\:3.0 ]
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FIG. 2. The out-of-plane magnetized annulus-vortex interaction: o
(a) the interaction energy an@) plot of the FM-vortex force. The
contourplot of the interaction energy is shown as inse@jn(dark
color illustrates low energy, as will be the case throughout the pa-
per, the dashed white semicircles illustrate the edges of the
magnet. A schematic outline of the magnetic annulus is shown in
the inset of(b).

j./io X 10

qualitative (but not quantitative agreement with the earlier
results of Ref. 7, which were obtained in the limit of an
extremely thin SC and FM, namelg,D<\. Please notice
again that in our calculation finite thicknesses of both SC and
FM are fully taken into account. The most important result is
that, in this case, the annulus-vortex interaction energy has i "
ringlike minimum, under the magnet. The exact radial posi- v
X
—

A

tion of this minimum depends on the SC parameters, the
thickness of the magnet, and its distance from the SC. The
force acting on the vortex shows dual behavior—attractive
outside the equilibrium ring and repulsive inside.

Due to the dual behavior of the FM-vortex force one na-
ively expects different current flow in the superconductor
inside and outside the annulus. We use again(Bgand for
the current induced in the superconductor we obtain

(=}
—

¢

—

i _%de R,J -RJ R
Jo(p,2)= 2 Jo A[RyJ1(gRy) —RiJ1(qR) ]

X J .
) 1(qp)E(q,I,I?)C(q,z) (16) ) FIG. 3. Comparison between the currents induced in a(i8C
In Fig. 3 we show a comparison between the currents inynits of j,=c®,/\3) by a magnetic diskdashed curvesand a
duced in the SC in the case of a magnetic didashed magnetic annulugsolid curve$ with the same outer radius, as the
curves and a magnetic annulusolid curveg, for different  FM-SC vertical distancé decreasega)—(d).
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-0.04

-0.06f

0.08[

0.10f

FIG. 4. The interaction of the vortex with a magnetic disk with an off-center l@be left figure for schematics of the magnet
configuration: (a) contourplot of the interaction energy f&,=3.0, R;=1.0, (X,,Y,)=(0.5,0),1=0.1 andD=d=0.5, with M=M,
(dashed circles indicate the edges of the magmeid (b) the energy along the axis, for three different locations of the off-center hole in
the magnetic disk.

SC-FM vertical distances. When the magnet is positioned falarger disk. The parameters of the magnet are the outer radius

above the superconductor, the vortex qualitatively does naR,, the radius of the hol&®;, the center of the hole is at

feel the difference between the disk and the ring case, ang,,,y,), and the thickness of the FM is denoted By

the current induced in the SC shows a similar behaj\fdg. Therefore, using Eqg8)—(13) for two magnetic disks, one

3(a)]. When approaching the superconductor, the influence afjith radiusR, and the other with radiuR;, with opposite

the central hole in the ring becomes more pronoun&gs.  mpagnetization and centered at,y)=(0,0) and .V,

3(b,0], and eventually the current changes <i§ig. 3d)].  yespectively, we investigate the pinning properties of
Obviously, the qualitative behaviors of all quantities out-¢ -y 4 EM.

side the annulus approach those for the case of a magnetic ¢ reguits of this calculation are shown in Fig. 4 for a

disk. However, inside the ring, the situation is different. Themagnetic disk withR,=3.0, R =1.0, (x,,yn)=(0.5,0), |

nature of the magnet-vortex force changes and while the CUZ " andD=d=0 5° In F| zl(a) V\./e'shcr;v’v ?he co.nt,our, lot

rent flows in the clockwise direction outside the ring, inside . ™’ T 9. P

the superconductor the direction of the current is anticlockf the FM-vortex attractive force. Itis clear that there are two

wise in the case of a small FM-SC distar{¢e., I/x=0.1,  |ocal energy minima along thg=0 direction, where the
Fig. 3d)]. Please notice that due to the fact that the finitef0'C€ €quals zero: in front of and behind the hole. In Fig.
thickness of the SC is included in our calculations, the SCA(b) the plot of the interaction energy is given along this
current contains also @ dependencdi.e., through the direction for three positions of the hokg=0.5,0.8, and 1.0.
C(q,z) function]. The important result is that the two minima are not equal: the

From a look at Egs(15) and (16), one can see that the One closer to the outer edge of the magnet has higher energy
problem of a magnetic annulus actually can be modeled bymetastable stateand the one near the magnet center is the
two concentric magnetic disks with different radii and oppo-actual ground state. However, due to the presence of the
site magnetization. The problem is linear, and this will facili- hole, the equilibrium position of a vortex is not exactly in the
tate the calculation in the cases of noncylindrically symmet<center, and depends on the position of the hole. The magnet
ric FM’s. is not cylindrically symmetric and we have two separate en-
ergy minima instead of a ring of minima as in the case of the
magnetic annulus. Also, one could argue that a slowly mov-
ing vortex in a system with no temperature fluctuations could
be trapped at the metastable position. Anyhow, the hole in a
magnetic disk appears to be a powerful tool for a possible

In the preceding section, we discussed the pinning of vormanipulation of the vortex position. However, one question
tices by a magnetic disk or annulgsng). We showed that arises: since there are two minima present in the interaction
the most energetically favorable position for the vortex isenergy, is it possible to have two equilibrium states with the
under the center of the magnetic dig&r parallel alignment  same energy?

IV. MANIPULATION OF THE EQUILIBRIUM VORTEX
POSITION WITH A MAGNETIC DISK CONTAINING
A CAVITY

or under the annulugquilibrium ring. Here we generalize In order to construct such a situation, we introduced a
the latter system and displace the hole in the disk from itsecond hole in the magnet, at a symmetrical position to the
central location. first one with respect to the center of the magnet. As an

Referring to the preceding section, we may consider thi€xample, we took the parameters of the magnetRgs
problem as a superposition of effects of two magnetic disks=3.0, R; (for both hole3=0.5, and &u.,yn)=
with opposite magnetization. The smaller radius magneti¢+1.0,0). The interaction energy along tkhexis is given in
disk with the opposite magnetization models the hole in thd=ig. 5. Two equal minima near the outer edge of the disk are
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006 -0.06
-0.08 |
- -0.08
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E - : : 2 i
) [ i | 0.10
0.12] | |
5 § | -0.12f
0.14] : :
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4 3 2 1 0 1 2 3 4 X /A
X /A : . .
v
FIG. 5. The magnetic disk with two symmetrical holes: plot of d/A=D/r=0.5
the FM-vortex interaction energy illustrating the position of the =01
metastable and ground vortex states with respect to the position of : R /2=3.0
the holes(dashed vertical lings The parameters of the system R7k=0.5
are R,=3.0, R; (for both hole3=0.5, (x,,yn)=(*+1.0,0), MIIM =10
|=0.1,D=d=0.5, andM =M. 0o
found next to the magnet holes. However, the global mini-

mum is still under the center of the magrs¢e inset of Fig.
5). To eliminate this minimum we allow the holes to touch
each other and to form an “eight-hole” in the center of the
magnet. The resulting interaction enelfdiig. 6(a)] has now
only two equal minima along thg=0 direction, outside the
hole, near the magnet edge, and a plateaulike behavior in the
central region. Still, these minima are not the lowest energy
states. The central global minimum of the interaction energy
from the previous case is now split by the joined holes into
two minima along thex=0 direction[see Fig. €)]. The
latter minima represent the ground state for a vortex in the
presence of a magnetic disk with an eight-hole. The vortex
has two absolutely equal ground states and the same prob-
ability of eventually sitting in one of those. Thanks to this
feature, a possible use of this system for quantum computing
can be analyzed, similar to the quantum systems proposed
before(see, for example, Ref. 18

In Fig. 6(c) the contourplot of the magnet-vortex interac-
tion energy is given, together with a vectorplot of the current
induced in the SC. The position of the eight-hole is denoted
by the thick solid circles. Around the magnetic disk, the SC
current flows in a clockwise direCtion, iIIUStrating the general FIG. 6. The interaction energy of a vortex with a magnetic disk
attraction between the FM and the vortex. However, undegontaining an “eight-hole”:(a) interaction energy for the vortex
the magnet, current shows a dual behavior, and a vortexositioned along the axis at they=0 line, (b) along they axis for
antivortexlike current flow can be seen. Namely, at the equix=0, and(c) contourplot of the FM-vortex interaction energgark
librium vortex-states we find “antivortex” current profiles color—low energy. In (c) the vectorplot of the current induced in
while under the holes of the magnet a vortexlike currenthe SC in the presence of the FM is superimposed. The solid circles
motion is present. This suggests the possibility that such genote the position of the holes in the FM above the SC.
magnetic-field configuration, for sufficiently strong magneti-
zation, could induce interesting vortex-antivortex configura-be interesting to move the vortex by changing the parameters
tions if placed near a superconducting film. of the system. Helsettproposed a system in which a mag-

Using this approach, interaction of a vortex with magnetsnetic disk(with magnetizatiorM,) is placed in the center of
of more complicated shapes can be investigated. We hawe magnetic ring(with magnetizationM,), where the disk
shown that the magnetic disk with a cavity is a nice examplend the ring can have opposite magnetization. In Fig. 7 we
of how to control the vortex by the magnet geometry. Fromshow the outline of the systefupper inset and the calcu-
the point of view of practical vortex manipulation, it would lated interaction energy and force acting on the vortex, for
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FIG. 7. Disk-ring magnetic structufsee inset ofa) for a schematic view of the configuratipabove the SC(a) FM-vortex interaction
energy forM;=M, and (b) for M,=—M,. The contourplots of the energy are given as ingdshed lines indicate the edges of the
magne}l. The force acting on the vortex is shown (i©), as the solid curve for cage) and dashed one for cagk). The parameters are
W;=0.5, W,=0.75, W;=1.0, D=0.01, and =0.001, all in units of the effective penetration deptf=x?/d.

the parameter®V,;=0.5\,, W,=0.75,, W3;=1.0\., and conclude, in order to use this magnetic structure for vortex
D=0.1\ on top of a SC with thicknesd=0.I\. Here A, manipulation, one should not only overcome the experimen-
=\?/d denotes the effective penetration depth. We supposetal difficulties to realize such a structure but also be careful
thin oxide layer between the SC and the FM with thicknessabout the influence of the parameters on the behavior of this
0.01\. First we consider th&1,=M, case. Helseth claimed system.

that in this case, a slowly moving vortex will be attracted and

sit under the annulus. The plot of the interaction energy in V. SQUARE AND TRIANGULAR MAGNETIC DISKS:

Fig. 7(a) shows two energy minima, namely, under the disk, INFLUENCE OF THE CORNERS
and under the annuldgring-energy minimum, see inset of ON THE VORTEX PINNING
Fig. 7(@].

From our calculations it is clear that the ground state for . UP O this point, we have only considered the interaction
the vortex would be in the center of the magnetic vortex,?f @ Vortex with magnets having circular symmetry, namely
while a metastable state exists under the annulus as claim@@@gnetic disks, rings, and combinations of those. Here we
in Ref. 9. However, one could argue that a vortex, slowlyconsider FM's with broken circular symmetry, namely,

moving towards the magnet, could rest in a metastable stafifluare or triangular magnetic disks. We put the center of our

under the ring, if there are no fluctuations in the system. [-artesian coordinates in the center of the magnet and the

Fig. 7(c), the solid line shows the force acting on the vortex.2XiS @long one of its sides. In this case, E8). cannot be
Please note that in our calculation, the positions of the exSolved analytically, and triple numerical integrations must be
tremes correspond to the magnet edges, while in Ref. 9 thikérformed. In the case of a rectangular FM we have
was not the case. Also, the peaks in the forces in our calcu-
lation are much smaller, due to the finite thickness of the 2
magnet. It should be noted that the relation between the two U (X ,Y,) = Mq)OJocd_q E(q,!,D)
energy minima and the acting forces strongly depends on the MRt IvT 24N Jo Q v
parameters and it can change in favor of the annulus if it is
made wider. % A2 dx B2 dyJ (qu) (17)

In Ref. 9 it is also stated that in the opposite case, when VI ’
the annulus magnetization changes sign,Ng= —M 4, the
vortex is attracted to the center of the disk. The interaction
energy we calculated in this case is plotted in Figh) Tthe  whereR,= \/(x—xv)2+(y—yv)2. A and B are the dimen-
force is given in Fig. {c) by the dashed linelt is clear that  sions of the magnetwith thicknessD) in the x andy direc-
the annulus forms an energetic barrier which prevents &ons, respectively. As before, the distance between the FM
“slowly moving” vortex from reaching the central position. and the SC surface Is
However, the global minimum of the energy is under the The components of the current induced in the SC are ob-
center of this magnetic structuféhe energy shown in Fig. tained in an analogous way, by numerical integration of Eq.
7(b) decreases monotonously and reaches zero at infinity(7), using the expression$a—(6). In Fig. 8a) the interac-
implying that the vortex would definitely sit under the mag- tion energy with a vortex is shown, along two directions
net for the considered parameters. Different values foflines of symmetry (i) diagonal(dotted ling; (ii) horizontal
R:i, Ry, R; could make the central minimum higher, and the(solid line). In the inset, the contourplot of the energy is
energy barrier would then be able to repel the vortex. Tagiven. For comparison, we also give the results for a mag-
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FIG. 8. Rectangular magnetic disk above a SC fila): FM-
vortex interaction energy for a square magnet case, namely, with
sides A=B=1.0\, thicknessD=0.1\, and magnetizationM
=My, at1=0.1 above the SC with thicknesb=0.1\ (the inset
shows the contourplot of the energy, white line indicates the edge of d A
the magnet and (b) for A=4B=2.0. For comparison, the FM- 0 02 04 06 08 10 12
vortex interaction energy in the case of the magnetic disk with the x/A
same volume is given by the thick dashed curves.

FIG. 9. The contourplots of the FM-vortex attractive force for
parallel orientation of the magnetization and the vortex magnetic

netic disk(thick dashed curyewith R27r=AB and the same field, for (@ an equilateral triangular magnetic disk, with sides
thicknessD. As far as the pinning potential of square mag- ~ +-O and(b) square magnet, with sidgs=B=1.0n. The other
netic disk is concerned, the asymmetry is rather small anaarameters corre_spond to the ones in Fig. 8. The vectorplots of the
the result is not much different from the one of an equivalenf:urrent are supenmposed._(lcb, _the contourplot of the force for the
. . . . rectangular magnet case is givels=1.6\, B=0.6\. Dark color

circular disk. Only in the region near the edge of the magnet . . . o

- L . represents high force intensity. Positions of the edges of the mag-
some discrepancy between the pinning potential of thef'1 . : T

. . . . . ets are given by white solid lines.

square magnet in the diagonal direction and the disk approxi-
mation is observed. Moving further from the magnet, this
discrepancy disappears. The energetically favorable positiofield. This corresponds qualitatively to the case of a magnetic
of the vortex is under the center of the magnet. The situationlisk. However, the broken circular symmetry of the magnet
is somewhat different for rectangular-shaped FM disks. Irintroduces some changes in the magnet-vortex interaction. In
Fig. 8b) we show the results foA=4B=2.0 and, in this Fig. 9 we show the contourplot of the force acting on the
case, the corresponding circular disk becomes a very poarortex and the vectorplot of the current induced in the SC,
approximation. Far away from the magnet, this approximaboth for the case of a square and triangular magnetic disks. It
tion becomes better, as expected. From the behavior of the obvious that the attractive force is stronger at the sides
interaction energy we have seen that the vortex is attracted than at the corners of the magnet. Therefore, the vortex ap-
the center of the square or triangular magnet for paralleproaching the magnet at the side of the magnet will be at-
orientation of the magnetization and the vortex magnetidracted stronger than on the diagonal direction. As far as the
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current is concerned, it has the direction associated with an

antivortex. Near the magnet, the current follows the shape of °\,/\
the magnet and is maximal along the sides of the magnet. 6l / \ o ]
Further from the square or triangular magnet, the behavior of //;\\\ \\\\
the current is more similar to the case of the circular mag- I /////,f_‘\\\\ b ]
netic disk. In Fig. @c) the rectangular magnet case is shown. 7 X \\" 1
One important feature should be noticed: the FM-vortex at- o\ 7\1———— //V O
traction force is stronger at the longer side of the rectangle. T =

As one can see in Fig. 9, the maxima of the FM-vortex §/\g¢,‘
interaction force are located on the sides of the magnet.
Therefore, one may expect that the energetically preferable X /A
direction of vortex motion when attracted by the FM is per- Y
pendicular to its sides. To investigate this, we put the vortex 1.0F

in different positiondopen dots in Fig. 1@)] and follow its
trajectory using molecular-dynamics simulations. In our qua-
sistatical case, if the vortex moves, the FM-vortex interaction 06
force is opposed by viscous forces of the formyv,, , where

08|

7 is the viscosity coefficient and, the velocity of the vor- < %4 /.
tex. In equilibrium, these forces are equal and the motion of = :

. . . 02|
the vortex can be analyzed. Since we were not interested in R
real-time simulations, we assumeg=1. The results are 00l
shown in Fig. 10g). If the initial position of the vortex is

along the lines of symmetry of the magnet, the vortex moves 021
straight towards the center of the magnet. Otherwise, the
trajectory of the vortex is distorted towards the corner of the

-0.4

06 -04 -02 00 02 04 06

magnet. It actually appears that the vortex avoids the X /A

maxima of the attractive force. This is counterintuitive but ’

can be explained by the profile of the FM-vortex interaction -1.65

energy, given in Figs. 10,0). One should notice the “wave” 1.70

shape of the enerdyf going along the ring around the mag- ©

net, see Fig. 1®)]. Following a circle around the magnet, x -1.75f

the energy has its minima at the corners of the maguet 2

noted by black triangles in Figs. (f)c)] and the saddle 8 -1:80¢

points are on the sidesvhite triangle$. The periodicity in -1.85}

Fig. 10c) corresponds to the number of corners of the ferro-

magnetic disk. From Fig. 10 it is obvious that the interaction Aep %o T o7
energy for any position of the vortex lowers steep not only 0 1 2 3 4 5 6
towards the center of the magnet but also towards the cor- @ [rad]

ners. This induces the distortion of the vortex trajectory and
gives the impression that the vortex approaching the magnet g 10, The trajectory of the vortex when attracted by the
from the corners is more energetically favorable. triangular magnetic disksame parameters as in Figag: (a) vor-
tex paths with respect to the attractive force landsc#pe edge of
the magnet is illustrated by white line(b) the contourplot of the
triangular magnet-vortex interaction ener¢gark color—low en-

We applied the London theory to investigate flux pinning ergy), and (c) the interaction energy along the ring indicated by
in SC films due to the presence of a ferromagnet situatef@shed line inb).
above(or undej the SC, where the finite thicknesses of both
FM and the SC were fully taken into account. In the case ofwith equal energy but different vortex positions appeared.
a magnetic disk or annulusing), we obtained analytic ex- The probability of a vortex sitting in one of these two states
pressions for the FM-vortex interaction energy, force and thés the same, which makes this system interesting as a pos-
screening currents. We also derived the asymptotic behavigible qubit. To further investigate the influence of the magnet
of the interaction potential and the force for specific valuesgeometry on its pinning properties, we calculated the pinning
of the involved parameters. In the case of a magnetic dispotential for square- and triangular-shaped ferromagnets. A
with an off-center hole we showed the existence of two locakubstantial breaking of the circular symmetry occurs and the
minima in the FM-vortex interaction energy—the ground attractive force acting on the vortex is stronger at the sides of
state and the metastable one. By changing the position of tiide magnet than at the corners. Also, making one side of the
hole, the position of the equilibrium moves with respect torectangular magnet longer enlarges the attractive force along
the magnetic disk center. We also showed that in the case df with respect to the other side. Although counterintuitive,
a FM disk with two touching holeeight-hole two minima  we showed that the vortex approaches the noncircular mag-

VI. CONCLUSION
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net rather along the corners than perpendicular to the sides
following the gradient of the potential.
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FIG. 11. Sketch of the system in the plane of the superconductor
(xy plane. V and M denote the position of the vortex and the
APPENDIX: CALCULATION OF THE TWO magnetic dipole, respectively.

CONTRIBUTIONS TO THE MAGNETIC DIPOLE-VORTEX
INTERACTION ENERGY

11(;he magnetic dipole-vortex interaction energy is given
» Nlp2)= - sonz) [ S0 au(apext ~a(lzl-ar2)]
Sl o Q 1P ’

(A5)

F —if dvij . @ —Ef dVmMdh  M=1,+]
my 2¢ Jm Py 2 v’ -1 2
(A1) .
whereQ=Kk[k+qgcothkd/2\)], p denotes the distance from

where ®,=(®,,®,,®,)=(0D,/(2mp),0) denotes the the vortex, anKo(x) is the MacDonald function.

vortex magnetic flux vectord, is the flux quantumandM The first integral in Eq(A1) now becomegsee Fig. 11

is the magnetization of the dipole. As one can see, the intefOr definitions of the distance variables

action energy in this system consists of two parts, nantigly,

the interaction between the Meissner currents generated in

the SC q*m) by the MD and the vortex an(i) the interaction | :iJ dV(i)j" .d
between the vortex magnetic field and the MD. We will now 17 2¢ moTv
separately calculate these contributions. The superconducting 2
current induced in an infinite superconducting film with - m(IJofocdq exg—ql)qud/2 dzQq z)fzwdsv
thicknessd (—d/2<z<d/2) by a magnetic dipole witlut- 47\ Jo —di2 o
of-plane magnetizatign.e., ﬁ=méz located atz=a (I=a . 1 4R
—d/2) above the SC, is given By J — m
<, dp le(qR)27Tp i
(0=~ 2 “dqexs~ahat(ap)C(a
,Z)=— expl— \2), ..
Jelp 2mn3Jo OO avaatap)=ta where we make use Of [, ®,=jnP,sC08x
(A2) = jmp P, g(Rm/Sp).
with
d d m<1>3 o 1
kcos&{k 5+z/|+q sin)'{k —+z =7 fo dqC(q)exp—abhas;—
Cla2)=——F——— . (A3)
(k“+qg*)sinh(kd) + 2k cosh kd) 2w »  3J(Jo(qRm))
Xf dgof de
0 0

wherek=y1+q?, p=X?+y? with respect to the dipole,

2
andJ,(x) is the Bessel function. _ mq’Of“ N if“ K2
The components of the vortex magnetic field outside the 47\ Jo dgCy(a)exn ql)q2’7T 0 dp ap

superconductor are given By ,
X . de Jo(qRy).

_ '-‘Dordq_q a(lzl—
hUZ(p!Z)_ 77)\2 0 Q ‘]O(qp)exr[ q(|Z| dlz)]r

2
(A4) Using Ref. 20 we obtain
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2

m® 1 1 o 1 ) )
;= g ;J dqCi(g)exp(— C||)q—27TJO(qu) IZZ_EJ dv(md)hU,M:_Ef dV(md)hvz~M
XJo dp - 477)\ dZ 8(z—a)exd —q(|z|—d/2)]
T xJ dqaCy(a)exp(—ahdo(dp,),  (A6) Xf dy 6<y—yv>f dx 8(x—x,)do(aVx*+y?)
T o .
where _ wdqqexp( ahJo(ap,). (A8)
47T)\ Q 0 v

k sinh(kd) +qg coshiikd) —q
(k2+g?)sinh(kd) + 2kq coshkd)

(A7) After simple trigonometric transformations it can be shown
that C,(q)=1/Q, and therefore from Eq9A6) and (A8)
follows I,=1,. We are allowed to generalize this equality for
the case of finite size ferromagnets with out-of-plane magne-

1
Cl(Q):E

The integration of the second integral in EA1) gives tization, due to the superposition principle.
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